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The objective of this research was to designate and identify the profile of fatty acids, sterols, and polyphenol compounds and to
demonstrate the antidiabetic activity, in blue corn extracts (BCE) in comparison with the yellow variant of this raw material. All of
the maize lines, including the blue corn, were grown in Europe (southwestern part of Poland) and not in the place of origin (South
America). In the extracts of the blue corn variety, eight anthocyanin compounds were isolated. The compound found in the largest
amount was pelargonidin, followed by cyanidin-3-glucoside and other glycoside derivatives. Unsaturated fatty acids were the
main ones found in the lipid fraction of blue and yellow corn, including linoleic acid and oleic acid. Saturated fatty acids, such as
stearic and palmitic acid, were present in smaller amounts. The blue corn’s sterol profile was similar to other varieties of this corn,
with S-sitosterol and campesterol occurring in the largest amount, alongside smaller amounts of stigmastanol and stigmasterol.
The blue corn variety was characterized by a high content of polyphenolic compounds, which show several biological activities,
including antidiabetic activity. The strongest in vitro antidiabetic effect was found in the blue corn lines. Among the polyphenolic
compounds in both the blue and yellow corn varieties, in the largest amounts, were caffeic acid, procyanidin B2, and gallic acid.
Despite the known and proven biological activity of polyphenolic compounds, the fat fraction showed the highest in vitro
antidiabetic activity in the BCE studied.

1. Introduction

The mountainous terrain of Peru is the place of origin of blue
corn. From there, the cultivation of this grain spread to
Mexico, Guatemala, and Bolivia. Currently, blue corn is
grown all over the world, though most widely in South
America. On a smaller scale, cultivation trials have been
undertaken in Poland, Turkey, the United States, and many
other countries [1, 2].

The colour of blue corn stems from the accumulation of
anthocyanins in the aleurone layer that surrounds the

endosperm in the kernels. The examined structure of an-
thocyanins in blue varieties showed 16 different anthocya-
nidins, including, in the largest amount, cyanidine-3-
glucoside constituting approximately 75% of the antho-
cyanidins, followed by pelargonidin-3-glucoside and peo-
nidin-3-glucoside [2, 3].

The structure of blue corn grain allows for economic use
of the raw material. The outer layer of the grain containing a
large amount of anthocyanins can be removed to obtain
natural dyes, and the remaining elements can be used to
make flour, ethanol, feed, food additives, and many other
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substances. Corn grains are a raw material rich in carbo-
hydrates—mainly starch, the content of which ranges from
58.0 to 71.5%. The protein content in the blue varieties is
higher compared to yellow and white corn varieties, from 9.1
to 13.1%. The lipid content of blue varieties ranges from 4.5
to 6% [2]. The main fatty acids found in corn grains are
unsaturated fatty acids, including linoleic and oleic acids
(about 12% each). Saturated fatty acids, such as stearic and
palmitic acids, are also present in smaller amounts. The lipid
content ranges from 4.3 to 6.9%. The composition of blue
corn is variable and depends on many factors, including
climatic conditions, variety, cultivation method, and fer-
tilization [2, 4, 5].

The polyphenolic organic compounds contained in blue
corn have a number of biological activities, including an-
tidiabetic [6], antioxidant, and anti-inflammatory activity
[7]. They participate in cellular interactions and the acti-
vation of enzymes and receptors, regulate apoptosis, and
support the nervous system [8, 9]. They play an important
role in the prevention of cardiovascular disease, are used in
anticancer therapy, and also contribute to the prevention of
obesity, hypoglycemia, and diabetes [10, 11].

Among cereals, blue corn is one of the significant sources
of anthocyanins. Cereal products made from this variety of
corn may be characterized not only by an interesting colour,
but also by a high content of nutrients and bioactive ele-
ments [12]. Encapsulated powders of blue corn extract could
be natural food colorants with antioxidant properties [13].

Corn silk (stigma of Zea mays, stigma Maydis) is well
established in the treatment or prevention of several dis-
eases, like cystitis, edema, kidney stones, prostate disorder,
bedwetting, and urinary infections [14]. The main purpose of
their use is weight control and supporting the treatment of
diabetes mellitus [15]. Although the chemical composition of
corn silk includes compounds known for biological activity,
such as polyphenols (like flavonoids) and monoterpenoids,
the antidiabetic activity of this material is associated with
phytosterols (mainly stigmasterol) [14].

Inhibitors of carbohydrate metabolizing enzymes are
effective in controlling the levels of postprandial hypergly-
cemia via control of starch metabolism [16, 17]. They are
known as a-amylase inhibitors and are present in corn seeds.
Alkaloids, flavonoids, phenols, saponins, tannins, and
phytosterols present in corn silk ethanolic extracts have
demonstrated inhibitory activity against a-amylase and
a-glucosidase, compared with standard acarbose [18].

In 2020, Damian-Medina et al. [6] analysed the in silico
antidiabetic potential of phenolic compounds present in
blue corn [6]. The objective of the research was to designate
and identify the profile of fatty acids, sterols, and polyphenol
compounds and to demonstrate the antidiabetic activity in
blue corn extracts in comparison with the yellow variant of
this raw material. Molecular docking highlighted that cya-
nidin 3-glucoside, delphinidin 3-glucosid, and petunidin 3-
glucoside interaction with some proteins (113-HS, GFAT,
PTP, and RTK) play a key role in diabetes mellitus. This work
proves the interaction of blue corn extracts cultivated in
Europe (southwestern part of Poland) with other factors
affected by diabetes a-glucosidase.
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2. Materials and Methods

2.1. Experimental Materials. In 2014, a few blue corn lines
(200 grains of each) were obtained from the CIMMYT gene
bank (International Maize and Wheat Improvement Centre)
in Mexico, specifically CHIH 365, CHIH 367, and CHIH
503, to check the suitability of blue maize cultivation in
Polish environmental conditions (south-west). From ob-
servational studies, only three lines set grains and reached
full maturity in the moderate zone. In 2015, in the rec-
ommended spatial isolation (minimum 230m), selected
lines were multiplied at the Research Station of the Horti-
culture Department of the University of Environmental and
Life Sciences in Wroclaw. Currently, the amount of prop-
agated material from each of the selected populations allows
for comparative studies, which were scheduled for 2017.

The research material consisted of three lines of blue
corn (CHIH 365, CHIH 367, and CHIH 503) and two yellow
varieties (OPOKA and KUSKUN) harvested from the Re-
search Station of the Horticulture Department of Lower
Silesia in 2017.

Before testing, all varieties of maize were shredded and
then placed in sealed packages.

2.2. Preparation of Extracts (Blue Corn Extracts—BCE).
About 100 g of dried (8% moisture) blue (three lines: CHIH
365, CHIH 367, and CHIH 503) or yellow (KUSKUN or
OPOKA) corn seeds was separately homogenized and
ground. Next, the obtained flour was extracted at 60°C for
24h in a solution of 80% methanol, with the addition of 1%
HCI (500mL) [19, 20]. Prior to the determinations, the
samples were centrifuged at 5000 rpm for 10 min. Then, the
supernatant was concentrated on a rotary vacuum evapo-
rator to approx. 1.7 g of residue.

2.3. Determination of Antidiabetic Activity. To determine the
antidiabetic activity, the diffusion method was used [21, 22].
Fifteen milligrams of obtained (freeze-dried powder or
residue) samples was dissolved in 0.5 mL dimethyl sulfoxide
(DMSO) and transferred to Eppendorf tubes as a stock
solution. To demonstrate the effectiveness of the method, the
primary extract was diluted 5, 10, 25, and 50 times using
DMSO. Petri plates were filled with the prepared agar
medium (3%) with starch (1%), and after solidification of the
substrate, cylindrical wells with a diameter of 0.5cm were
cut. The negative control (T—) was a solution of 25uL
acarbose solution (50 mg/1 mL-H,0) compound contained
in antidiabetic drugs+25uL of pork a-amylase solution
(6 mg/10 mL-H,0). The positive control (T+) was a solution
of 25 uL of water + 25 uL of pork a-amylase (6 mg/10 mL of
H,0). The proper tests were 25uL of the tested blue-corn
extract or fractions from stock solutions +25uL of pork
a-amylase (6 mg/10 mL-H,0). All solutions were introduced
into holes cut out of the agar. The prepared plates were
incubated for 24 hours at 35-37°C. After incubation, the
plates were dyed with iodine and the emergent clear zones
were measured, and the degree of inhibition was calculated.
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The hole with the positive control (T+) was taken as 100%
clear zone. The tests were performed in triplicate.

2.4. Determination of Preparative Thin-Layer Chromatogra-
phy (TLC). Preparative thin-layer chromatography was
performed on 20x20cm glass plates coated with 1000-
micron layers of silica gel GF (Uniplate™). The plate was
applied and residue obtained as in Section 2.1, after being
dissolved in 1 mL 80% methanol with the addition of 1%
HCI. The plates were developed with eluent hexane : acetone
(1:3, v:v) in a sealed glass TLC chamber at ambient tem-
perature. The plates were then air-dried, and the separated
bands were scraped from the plates. The separated bands
were extracted with acetone (15 mL) at ambient temperature
for 24 h. The extracts were concentrated on a rotary vacuum
evaporator and dissolved in 0.5 mL DMSO. To determine the
antidiabetic activity in the obtained extracts, the method
described in Section 2.3 was used. The procedure was re-
peated seven times.

2.5. Determination of Fatty Acid Composition. The sample
obtained in Section 2.1 was submitted to basic hydrolysis
using KOH/MeOH/BF; approach by Kupczynski et al. [23].
The prepared samples were dissolved in 2 mL of tert-butyl
methyl ether (MTBE) and the fatty acid profile was analysed
using a gas chromatograph coupled with mass detection
(GC/MS). Compounds were identified by comparison: (a)
obtained spectra with NIST14 database; (b) retention times
of standards (Aldrich mix 37 FAME).

2.5.1. GC-MS Conditions. The analysis was performed on
Shimadzu GCMS-QP2020 using a ZB-WAXplus column
(30 m x 0.25 mm x 0.25 ym). The split was set at 100:1 value;
helium was used as the carrier gas (1.0 mL/min. in constant
flow mode). The dispenser temperature was 260°C. Column
ramp temperature was 160°C (5 min) to 200°C (2°C/min) to
250°C (10°C/min) and held 4 for min. The duration of the
whole analysis was 34 min. Detector temperature 250°C full
scan in the range of 50-500 AU.

2.6. Determination of the Sterol Profile. The sample obtained
in Section 2.1 was submitted to BSTFA derivatization
according to Chua et al. [24]. The samples were then dis-
solved in 2 mL of MTBE and the sterol profile was analysed
using a gas chromatograph with mass detection (GC/MS).
Phytosterol compounds were identified by comparison with
(a) obtained spectra from the NIST14 database and (b)
retention times of available standards (Aldrich).

2.6.1. GC-MS Conditions. The analyses of obtained fractions
were performed on Shimadzu GCMS-QP2020 using a ZB-5
column (30mx0.25mm x0.25um, for sterols) or ZB
WAXMS (30mx0.25mmx0.25ym film from Zebron,
Phenomenex). The split was set up at 10:1. Helium was used
as the carrier gas (1.0 mL/min, constant flow mode). For
FAME analyses, the following temperature ramp was used:

5°C/min from 80°C to 200°C then 25°C/min to 260°C, in-
jector temperature 220°C, and helium gas carrier at 1 mL per
minute. The injector temperature was 280°C. Column
temperature ramp: 170°C to 300°C (build-up 5°C/min),
analysis end 300°C. Duration of the entire analysis: 36 min.
Detector temperature 250°C, full scan in the range of 40-500.

2.7. NMR Analysis. NMR spectra were recorded in a CDCI3
solution on an Avance™ 600 MHz spectrometer (Bruker,
Billerica, MA, USA) or a UnityPlus 500 (500 MHz) spec-
trometer and a Gemini 300 (75 MHz) (Varian, Palo Alto,
CA, USA).

2.8. Determination of Polyphenolic Compounds. The sample
obtained in Section 2.1 was submitted to UPLC according to
Kucharska et al. [25]. The analysis of polyphenolic com-
pounds was determined using the UPLC Acquity system
(Waters, Corp., Milford, MA, USA) with DAD (diode array
detector). The separation was carried out on a chroma-
tography column BEH Shield C18
(2.1 mm x 5mm x 1.7 ym). The column was thermostated at
a temperature of 30°C, and the test samples were thermo-
stated at 4°C. Solvents A and B were used as the mobile
phase. Solvent A was a 4.5% formic acid solution and B was
acetonitrile. The volume of the injected sample was 10 uL,
and the flow rate of the eluents was 0.45 mL/min. Detection
of polyphenolic compounds was carried out at four wave-
lengths: 520 nm (anthocyanins), 320 nm (phenolic acids),
360 nm (flavonols), and 280 nm (flavan-3-ols). The con-
centration of polyphenols was determined by comparison of
peak areas in the chromatogram, with the values of the
calibration curve. The obtained results are shown in mg per
100g of flour. The determination was performed in
triplicate.

2.9. Statistical Analysis. The data was analysed using Sta-
tistica 13 software. The Duncan test analysed the differences
between means (p value < 0.05). The tables present average
standard deviations.

3. Results and Discussion

3.1. Profile of Fatty Acids. The fatty acids profile is shown in
Table 1. In blue and yellow varieties corn observed, similar
fatty acid profile was identified. In all tested maize variants,
oleic, linoleic, palmitic, stearic, and alpha-linolenic acids
were detected in the largest quantities.

In the studied lines of blue corn and in the yellow va-
rieties, a similar fatty acid profile was identified. In all tested
maize variants, oleic acid, linoleic acid, palmitic acid, stearic
acid, and alpha-linolenic acid were detected in the largest
quantities.

The highest content of saturated fatty acids (SFA) was
found in blue corn from the line CHIH 367 (7.63 g/kg). The
most monounsaturated fatty acids (MUFA) were found in
yellow corn variety OPOKA (13.21 g/kg), and the highest
content of polyunsaturated fatty acids (PUFA) was found in



two lines of blue corn, CHIH 365 (13.75 g/kg) and CHIH 503
(13.93 g/kg), and Fraction II of fatty acids from the CHIH
365 line (14.14 g/kg). Based on Table 1, showing the fatty acid
profile determined quantitatively in the tested maize vari-
eties, blue corn lines dominated in terms of saturated and
polyunsaturated fatty acids. Figure 1 shows the chromato-
gram of the fatty acid profile of blue maize line CHIH 365.

The marked profile of fatty acids in the blue corn va-
rieties is similar to the data presented by Mutlu et al. [2], who
showed that, among the determined fatty acids in the blue
variety cultivated in Turkey, oleic acid constituted 52.2%,
linoleic acid constituted 44.8%, and palmitic acid (2.9%) and
stearic acid (0.4%) were found in smaller amounts [2].

According to Camelo-Méndez et al. [4], the diversity of
the fatty acid profile composition in corn grain results from
soil and climatic conditions and from the variety of culti-
vated corn. The profile of fatty acids in the varieties grown in
Mexico, presented by Urias-Lugo et al. [26], was similar to
the profile of the studied in this paper’s blue varieties.
Linoleic acid (43.3% to 52.0%), oleic acid (25.5% to 35.3%),
and palmitic acid (11.9% to 17.3%) were found in the largest
amounts. Other acids were found in smaller quantities,
including stearic acid (0.3% to 14.0%), arachidonic acid
(0.6% to 8.8%), and eicosenoic acid (0.2% to 1.7%) [26].

According to Urias-Lugo et al. [26], among the saturated
fatty acids found in the varieties grown in Mexico, the most
abundant was palmitic acid, and among the polyunsaturated
acids was linolenic acid, which accounted for about 50% of
all determined fatty acids. The high content of linolenic acid
increases the health and nutritional value of the tested va-
rieties. The average fatty acid content in all blue corn ge-
notypes tested in Mexico was 21% saturated fatty acids, 29%
monounsaturated, and 50% polyunsaturated. The average
content of saturated fatty acids in the tested varieties grown
in Poland was about 59% saturated fatty acids, about 2%
monounsaturated, and about 39% polyunsaturated. The
average results show a significant difference in the genotype
of the varieties grown in terms of the content of saturated
and polyunsaturated fatty acids. These differences may result
from the longer storage time of the tested varieties, but also
from other soil and climatic conditions [26].

3.2. Sterols Profiles. Table 2 shows the average phytosterol
content in the tested maize varieties. In the studied lines of
blue corn, and in the yellow varieties, a similar phytosterol
profile was identified. In all tested maize variants, f3-sitos-
terol, campesterol, and stigmastanol were found in the
largest quantities.

In the CHIH 367 blue maize line and the yellow OPOKA
variety, the content of -sitosterol was the highest (36.6 and
44.23 mg/100 g, respectively). The second most common
sterol was campesterol, and it was most abundant in the blue
variant of the CHIH 367 and OPOKA lines (approximately
12mg/100 g).

Stigmastanol was found in the largest amount in the blue
corn lines CHIH 365 and CHIH 503 (from approximately 14
to 12mg/100 g). Figure 2 shows the chromatogram of the
sterol blue corn CHIH 503 line. The phytosterol profile is in
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the statement with other reports [27-29]. Moreau found
B-sitosterol and campesterol predominated in corn kernels
of sweet maize, at about 27 and 17 mg/100 g, respectively. On
the other hand, Harabi [30], in the germ of the Astro variety,
found 19 and 2.6 mg/100g of those phytosterols. Phytos-
terols possess proven antidiabetic activity [30].

Phytosterols can act as ligands for PPARs [31], reduce
visceral fat accumulation [32], and reduce the concentration
of glycosylated hemoglobin, serum glucose, nitric oxide, and
substances that react with thiobarbituric acid, and they can
increase serum insulin and pancreatic antioxidants
[30, 33, 34]. Other mechanisms of antidiabetic action may be
related to the inhibition of glycolytic enzymes such as
a-amylase. Phytosterols isolated from banana flowers (e.g.,
p-sitosterol and 31-norcyclolaudenone) inhibit amylase as
an uncompetitive inhibitor, with a km value of 5.51 yg/mL
[35]. Stigmasterol from soy disrupts the GLUT4 glucose
transporter, which gives the beneficial effects seen in the
treatment of type 2 diabetes mellitus [36]. The phytosterol
fraction isolated from the marine algae Sargassum glau-
cescens, with fucosterol stigmasterol S-sitosterol predom-
inating, strongly inhibits alpha-amylase in in vitro tests at the
value of IC50 9 mg/mL [37].

3.3. NMR Analysis of Extracts. Methanolic extraction of blue
corn gives the product Fraction I, F-I, which was identified
as containing fatty acids with the composition presented in
Table 1. Unfortunately, due to the acidic conditions of the
extraction process and use of a strong base (potassium
hydroxide in boron trifluoride), these results are not un-
equivocal. The following products could give the same re-
sults: (a) triacylglycerides; (b) methyl esters or free fatty
acids; and (c) a mixture of the above. To avoid misinter-
pretations, we decided to perform nuclear magnetic reso-
nance measurements which were less selective, but mild and
nondestructive [38, 39]. On the recorded spectrum in F-I
(see Figures S1 and S2 in the Supplementary Materials for
the comprehensive image analysis), we unequivocally found
pure fatty acid fractions. The '>C spectrum was characteristic
to free acids, with visible free carboxylic carbons (174 ppm),
double bonds (128.19-130.16), and corresponding aliphatic
carbons. No methoxy (for methyl esters) or alkoxy char-
acteristic carbons (60-70 ppm) were on the spectrum.

The "H and "°C spectrum of Fraction F-II revealed the
presence of triacylglyceride, which was proven by the
characteristic two doublets of doublets (glycerine methylene
protons), as well as the multiplet of methine (>CH(O)).

3.4. Polyphenolic Compounds

3.4.1. Anthocyanins. In the studies on anthocyanins, in
blue corn lines, six dominating compounds have been
determined (see Table 3). The most common is cyanidin-
3-(6'-malonylglucoside), followed by cyanidin-3-gluco-
side and peonidin-3-(6'malonyglucoside); these were
determined in all the lines tested. The largest amount of
anthocyanins was found in the line CHIH 367, and the
least was found in the line CHIH 503. In the studied
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TaBLE 1: Fatty acid profile quantified (g/kg) in the BCE and Fraction II
No. RT Fatty acids CHIH 365 FI CHIHH3 6P CHIH367 CHIH503  OPOKA KUSKUN
1 7.70 C104 : Tetradecanoic acid 0.02+0.01a 0.01+£0.0l1a 0.02+0.01a 0.02+0.0la 0.02+0.01a 0.02+0.01a
2 10.25 C105 : Pentadecanoic acid 0.01 £0.01a 0.02+0.01a 0.01+£0.01a 0.01 £0.01a 0.01 £0.01a 0.01 £0.01a
3 13.20 C106 : Palmitic acid 492+026bab 51340292 5.14+034a 455+02lc  4.24+0.18d  4.38+0.14d
4 1370 le " Palmitoleic acid (9Z)  0.02+0.0la  0.02+0.0la 0.03+0.0la 0.02+0.0la  0.02+0.0la  0.02+0.0la
5 13.90 le : “‘Hexagelcgmic acid ) 06+0.01a  0.06£0.0la 006+00la 0.05£0.0la 0.06+0.0la  0.06%00la
6 16.40 C107 : Heptadecenoic acid 0.07+0.0l1a  0.05+0.01a 0.07+0.0l1a 0.10+0.01a 0.04 +0.01 0.05+0.01a
7 17.20 C117 : Heptadec(‘llggmic acid 00240016 0.01£00la 0.03£0.01b 002+0.0la  003+00lc  0.02+0.0lc
8 2001 Clos : Stearic acid 141+0.08c 1.13+0.033b 1.66+0.13a 1.52+0.10b 129+0.04d  1.26+0.05d
9 2070 Cllg: Oleic acid 12.33+1.05ab 12.42+098d 11.32+1.13a 11.82+1.0lb 12.65+0.92d 11.18+1.0lc
10 2085 Cllg ‘ 12'O°ta‘(1fzczr)‘°ic acid (3040022 01140022 027£0.02b 025400lc  032£002a  0.26%0.02¢
11 2220 C128 : Linoleic acid 13.08+£1.07a 13.56+0.75b 11.39+0.98b 11.52c+0.81c 11.85+1.02ab 11.22+1.04bc
12 24.50 C138 * a-Linolenic acid 045+0.02b 025+0.03d 032+002d 034+0.02d 051+£0.04a  0.38+0.02¢
13 2545 Clzg P9l la'lgzta(‘ggffize)n"ic Trace Trace Trace 052+0.03a  0.30+£0.0lc  0.32+0.01b
14 2585 C128 P9l la’gst?gchfgn"ic Trace Trace Trace 045+0.02a 028+0.0lb  0.24+0.0lc
15 26.80 CZOO : Eicosanoic acid 031+0.02ab 021+0.0la 035+0.02a 034+0.02a 029+0.02b 0.32+0.02ab
16 27.20 CZIO: 11-Eicosenoicacid (11Z) 0.12+0.0la  0.15+0.02a 0.12+0.0la 0.11+0.0la 0.13+0.0la  0.10+0.0la
17 28.00 C128 : OCtZ‘i‘f;agllgézl' S}e)n‘)ic 022+0.0lc  033£0.03d 030£0.02b 1.10+0.08a 0.01+0.0le 0.11+0.01d
18 30.20 C202 * Docosanoic acid 013£0.01d  024+0.0l1d 022+0.0la 0.19+0.0lb 022+0.02a 0.14+0.01d
19 3325 C204 " Tetracosanoic acid  0.13+0.0lc  0.12%0.02d 016+0.0lb 014+0.0lc 025+0.02a 0.25+0.02a

+Expressed as methyl esters according to GC-MS chromatogram. a-e: homogeneous groups according to Duncan’s test.

FAME CHIH 365

TIC (EI+)
1

?

?
4 $7

8

16

18 19

8§ 10 12 14 16 18 20 22 24 26 28
Retention time (min)

1 1415 45 i A
e e i

Figure 1: FAME profile of analysed maize sample.
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TaBLE 2: Sterol profile (mg/100 g) of the blue and yellow corn.

No. Sterols CHIH 365

CHIH 367

CHIH 503 OPOKA KUSKUN

11.68 +1.12b
2.72+0.08¢
4.97 +0.42b
35.35+4.12b
14.42 +0.86a
Trace
1.66 +0.05a
Trace

Campesterol

Campestanol

Stigmasterol

B-Sitosterol

Stigmastanol

D-7 avenasterol

Stigmasta-7,22-dien-3-ol
8 Stigmasta-3,5-dien

NG W=

12.48 + 1.34a
2.98 +0.08b
5.12+0.49a
36.60 + 3.87b
12.02 +0.53¢
Trace
Trace
Trace

12.26 +1.04b
1.84 +0.04d
3.62+0.34d
44,23 +4.33a
Trace
Trace
Trace
6.85+0.09a

11.87 +1.14b
3.07£0.09a
4.54 +0.35¢
33.10+3.07¢
8.90+£0.38d
6.80+0.78a
0.78 £0.03b
Trace

9.56 +0.92¢
2.79+0.0c
3.75+0.31d
33.07 +3.04c
13.55+0.71b
4.01+0.11b
1.68 +0.07a
Trace

a-d: homogeneous groups according to Duncan’s test.
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F1GURE 2: The chromatogram presents the sterol blue corn line profile CHIH 503 (1—campesterol, 2—stigmastanol, 3—stigmasterol, 4—f3-
sitosterol, 5—stigmastanol, 6—campestanol, and 7—stigmasta-7,22-dien-3-ol).

yellow corn varieties (OPOKA, KUSKUN), no anthocy-
anins were identified.

Figure 3 shows the chromatogram of the anthocyanin
profile detected in the blue corn line CHIH 503. The antho-
cyanin profile in the blue corn lines was similar to the data in
the literature. In the studies carried out by Vazquez-Carrillo
et al. [40], nine anthocyanins were identified. The one found in
the largest amount was cyanidin-3-(6'-malonylglucoside),
followed by cyanidin-3-glucoside. According to the research
carried out by Nankar et al. [3], five main anthocyanin
compounds were determined from the Mexican blue corn
variety in the anthocyanin profile: cyanidin-3-glucoside,
pelargonidin-3-glucoside, peonidin-3-glucoside, cyanidin-3-
succinylglucoside, and cyanidin-3-disuccinylglucoside [3]. In
our work, the number of analysed anthocyanins was about
three times lower compared to Vazquez-Carrillo et al. [40],
where the authors quantified 655 mg/kg of flavonoids in BCE.
Researchers studying the structure of blue corn have reported a
total of 16 different anthocyanidins appearing in the profile of
this corn variety, based on the spectrophotometric and
chromatographic analysis. The content of anthocyanins in blue
corn may vary depending on many factors, such as the ex-
traction method used, the type of analysis carried out, climatic
conditions related to geographical location, temperature, and
environmental factors [41-44].

3.4.2. Phenolic Acids. In the conducted studies of phenolic
acid compounds, in blue corn lines and in yellow corn
varieties, nine dominating compounds were determined. In
all the tested lines of blue corn and in the yellow variety, a
similar profile of phenolic acids was identified. Such acids
and flavanols as caffeic acid, procyanidin B2, gallic acid,
(-)-epicatechin, neochlorogenic acid, chlorogenic acid,
sinapic acid, protocatechuic acid, and ferulic acid were
found (Table 4).

Based on Table 4, showing the average in all of the tested
varieties and lines, caffeic acid was found in the highest
amount (274.97-544.65 mg/kg), and sinapic acid was found
in the smallest amount (3.99-7.70 mg/kg). Large quantities
of ferulic acid, gallic acid, and procyanidin B2 were also
found.

The largest amount of phenolic acids occurred in the
blue corn line CHIH 503, and the least amount of poly-
phenolic acids occurred in the yellow variety.

From the data in the literature in studies carried out on a
yellow, white, and violet corn variety, a similar profile of
polyphenol compounds to those determined in the above
studies was identified. Acids such as gallic acid, proto-
catechuic acid, ferulic acid, sinapic acid, and quercetin were
noted. Ferulic acid and quercetin were identified in the
largest amounts in all tested variants [45].
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TaBLE 3: Profile of polyphenolic compounds—anthocyanins—in the tested maize varieties (mg/kg of dry matter).

No. RT Anthocyanins CHIH 365 CHIH 367 CHIH 503 OPOKA KUSKUN
1 8.11 Cyanidin-3-glucoside 36.33+2.24a 38.21+3.01a 36.76 £2.21a n.d. n.d.

2 9.70 Pelargonidin-3-glucoside 0.11+0.01c 0.17£0.01a 0.15+0.01b n.d. n.d.

3 10.00 Pelargonidin-3-galactoside 2.41+0.23¢ 3.79+0.28a 3.35+0.21b n.d. n.d.

4 10.50 Peonidin-3-glucoside 12.71+1.07a 13.77 £1.29a 9.73£0.98b n.d. n.d.

5 11.57 Cyanidin-3-(6'-malonylglucoside) 80.79 £ 4.08b 92.35+4.76a 96.58 +5.03a n.d. n.d.

6 13.00 Pelargonidin-3-(6'-malonyglucoside) 12.52£1.11b 14.62 +1.23a 9.09 £ 0.64¢ n.d. n.d.

7 13.23 Peonidin-3-(6'malonyglucoside) 6.32+0.67a 6.89 +£0.83a 3.34+0.31b n.d. n.d.

8 13.69 Peonidin-3-(6'malonyglucoside) 31.63 +2.46b 34.47 £ 2.65a 16.7 +1.87¢ n.d. n.d.

9 — In total: 182.82 204.27 175.7 — —

a-c—homogeneous groups according to Duncan’s test; n.d.—not detected; limit of detection for comp. 1, 5, and 8—approx. 4 ug/Table 100 mL, for comp. 2, 3,

and 4 ug/100 mL and 2 for 7, 8.
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F1GURE 3: The chromatogram of polyphenol compounds—anthocyanins of blue maize line CHIH 503. Identified anthocyanins are 1—cyanidin-3-

glucoside,  2—pelargonidin-3-glucoside,

3—pelargonidin-3-glucoside,

4—peonidin-3-glucoside, ~ 5—cyanidin-3-(6'-malonylglucoside),

6—pelargonidin-3-(6'-malonylglucoside), 7—peonidin-3-(6'-malonylglucoside), and 8—peonidin-3-(6-malonylglucoside).

3.5. Antidiabetic Activity. The results regarding antidiabetic
activity (Table 5) show that extracts from the blue and yellow
corn varieties, in the absence of dilution, inhibit the
a-amylase effect by 100%. At 5-fold dilution, extracts from
KUSKUN inhibit the tested enzyme activity by 90%. Ata 10-
fold dilution and 25-fold dilution, only the extract from the
blue corn CHIH 365 inhibited the a-amylase activity by
100%. The other BCE showed inhibition of 55-29%, OPOKA
extract was 12%, and KUSKUN extract was inactive.

a-Amylase and a-glucosidase are the main enzymes
involved in the breakdown of sugars in the human body [46].
Pancreatic a-amylase is responsible for the breakdown of
starch into oligosaccharides, and intestinal «-glucosidase is
involved in the hydrolysis of oligosaccharides, as well as tri-
and disaccharides, to glucose molecules and other mono-
saccharides [46]. Inhibitors of these enzymes contribute to
lowering postprandial hyperglycemia and slowing carbo-
hydrate digestion in people with diabetes [47].

Numerous studies have proven that plant extracts rich in
anthocyanins, which are responsible for prohealth effects in
the human body, also show antidiabetic activity by inhibiting
a-amylase and a-glucosidase activity [48, 49]. In the research

carried out by Nowicka et al. [50], it was shown that an-
tioxidant activity correlates with antidiabetic activity, an-
thocyanins and flavonol inhibit the activity of a-glucosidase,
and flavone-3-ol inhibits a-amylase. In studies carried out
on pears by Wang et al. [51], a correlation between an-
thocyanin activities and antidiabetic activity was also shown.
Flavonoids and phenolic acids (ferulic acid, chlorogenic
acid, and rutin), which have significant antioxidant activity,
inhibit polysaccharide hydrolyzing enzymes. However, in
the case of BCE, compounds in the fat fraction are re-
sponsible for the antidiabetic activity. This may be due to a
much higher concentration of these compounds compared
to the concentration of polyphenolic compounds in the
obtained extracts [52, 53].

Tests for a-amylase inhibition activity have shown that
the fraction containing free fatty acids (Fraction I) is the
most active (see Table 6). The extract and 5-fold dilution
showed 100% inhibition. The triacylglycerol and sterol
fraction (Fractions II and III) and their 5-fold dilution
showed low activity of about 6%. The fraction containing
polyphenols (Fraction IV) was characterized by the lowest
a-amylase inhibition after dilution.
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TaBLE 4: Profile of phenolic acids quantified (mg/kg) in the tested maize varieties.

Phenolic acids CHIH 365 CHIH 367 CHIH 503 OPOKA
Gallic acid 154.01 + 8.76¢ 163.75 £ 8.63b 108.85+6.92d 190.48 +9.11a
Protocatechuic acid 9.09+0.65¢ 9.78 £0.79b 10.78 +0.78b 36.87 £2.85a
(-)-Epicatechin — 15.67 +1.08b 21.57 +1.87a 9.07 +0.86¢
Chlorogenic acid 95.66 + 4.98b 87.13 +4.05¢ 165.42 + 8.66a 72.94+3.61d
Neochlorogenic acid 66.21 +2.11c 118.25+7.04b 134.34+5.78a 23.18 £2.02d
Procyanidin B2 101.96 +6.77b 93.18 +4.888¢ 154.38 £ 6.93a 76.12+4.13d
Caffeic acid 304.65+12.28¢ 323.79+£13.12b 544.65 £ 15.28a 274.97 +11.32d
Ferulic acid 185.24 +£9.26¢ 105.35+6.94d 246.88 £10.73a 230.07 £ 10.98b
Sinapic acid 4.56+0.51c 3.99£0.26d 7.70 +0.54a 7.04 £0.47b
In total: 921.38 920.89 1394.57 920.74

a—-d: homogeneous groups according to Duncan’s test.

TaBLE 5: Antidiabetic activity of the tested extracts expressed in % inhibition of a-amylase.

Percentage of inhibition (%)

Corn type (line) Extract 5-fold dilution 10-fold dilution  25-fold dilution  50-fold dilution 100-fold dilution
CHIH 365 100.0 £0.00a 100.0 £0.00a 100 +0.00a 100.0 £ 0.00a 75.0+3.5a 54.6+3.1a
CHIH 367 100.0 £ 0.00a 100.0 £ 0.00a 73.0£2.00a 60.0+2.1a 50.0 £2.0a 50.6 £2.2a
CHIH 503 100.0 +0.00a 100.0 £ 0.00a 61.0 +3.00a 58.0+3.2a 32.0£2.0a 28.9+1.5b
OPOKA 100.0 £0.00a 100.0 £ 0.00a 47.0+2.1a 40.0+2.70a 33.3 £0.00b 12.3+0.5a
KUSKUN 100.0 + 0.00a 90.0 +3.9a 51.7 £4.6a 423+4.1a Trace Trace

a-b: homogeneous groups according to Duncan’s test.

TaBLE 6: Antidiabetic activity of the tested extracts (obtained after conducting preparative thin-layer chromatography) expressed in %

inhibition of a-amylase.

Percentage of inhibition (%)

Corn line CHIH 365 Extract 5-fold dilution 10-fold dilution 25-fold dilution 50-fold dilution
Fraction I fatty acids 100.00 + 0.00a 100.00 + 0.00a 93.75+6.25a 60.78 £ 19.61a 33.29+2.00a
Fraction II TAG 17.65 + 5.49¢ 5.88 £ 1.96¢ Trace Trace Trace
Fraction III sterols 12.50 +3.13d 6.25+2.08¢c Trace Trace Trace
Fraction IV polyphenols 15.00 +2.50c Trace Trace Trace Trace

a—d: homogeneous groups according to Duncan’s test.

4. Conclusions Data Availability

The search for novel compounds and natural plant ex-
tracts as potential inhibitors of carbohydrate metabolizing
enzymes has intensified in recent years. The present study
demonstrated that all tested corn cultivars showed anti-
diabetic activity as a-amylase inhibitors, compared to
acarbose. The strongest antidiabetic action was found in
the line of blue corn CHIH 365 and its fatty acids fraction.
The blue corn lines were richer in bioactive compounds
(polyphenolic compounds—anthocyanins, especially
cyanidin-3-(6’-malonylglucoside) and pelargonidin-3-
(6'-malonyglucoside)) than the yellow corn varieties
studied, and the lipid fraction (rich in oleic and linoleic
fatty acids) was responsible for the a-amylase inhibition
activity rather than the polyphenol fraction. Obtained
extracts require additional structural elucidation to
identify the active constituents. Moreover, further ex vivo
and in vivo investigations should be done for confirming
the antidiabetic activity of the extracts and to evaluate the
mechanism of action.

All data included in this study are available from the cor-
responding author upon request.
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